
PRODUCTION OF HYDROGEN FROM LOW HEATING VALUE FUEL GASES BY THE BEACON PROCESS 

J.  Blumenthal, T. F i t zge ra ld ,  A. Grossman, E. Koutsoukos, B. Pote 

TRW, One Space Park, Redondo Beach, C a l i f o r n i a  90278 

M. Ghate 

Department o f  Energy, METC, P.O.. Box 880, C o l l i n s  F e r r y  Road 

Morgantown, West V i r g i n i a  26505 
0 

Background 

The process i s  
based on t h e  c a t a l y t i c  depos i t i on  o f  a h i g h l y  reac t i ve  carbon (C*) from low heat ing 
va lue gases (LBG = low B tu  gas). As i l l u s t r a t e d  i n  F igu re  1 the  BEACON process 
i nvo l ves  c i r c u l a t i n g  a very e a s i l y  f l u i d i z a b l e ,  s o l i d  carbonaceous ma te r ia l  con- 
t a i n i n g  a c a t a l y s t  between two f l u i d  bed reactors .  

I n  one reac to r  t h e  s o l i d  ma te r ia l  contacts  t h e  low heat ing va lue f u e l  gas 
feedstock r e s u l t i n g  i n  t h e  r a p i d  deposi t ion of very r e a c t i v e  carbonaceous ma te r ia l  
by react ions o f  t h e  type:  

BEACON i s  an acronym f o r  !tu E x t r a c t i o n  And z c e n t r a t i o n .  

2co - c* t CO2 (1) 

CO t H2 - C* t H20 (2 )  

C"n - C* t n/2 Hp ( 3 )  

Thus, i n  t h i s  r e a c t o r  t h e  incoming carbonaceous ma te r ia l  and c a t a l y s t  are enr iched 
i n  carbon content  through t h e  deposi t ion process and the  low hea t ing  value f u e l  gas 
i s  depleted i n  energy content  by an amount which i s  near ly  equal t o  the heat ing 
va lue o f  t h e  deposi ted carbon. 
deposi t ion r e a c t o r  a t  near ambient temperature and t h e  depleted f u e l  gas e x i t s  t he  
reac to r  a t  450'C t o  550OC. 
depos i t i on  i s  taken up i n  t h e  depleted f u e l  gas as sensib le  heat i n  the n i t rogen  
d i l u e n t ,  a v a i l a b l e  f o r  steam or  power generation. 

i n  the  depos i t i on  r e a c t o r  i s  separated from depleted f u e l  gas and c i r c u l a t e d  t o  a 
second r e a c t o r  where t h e  ma te r ia l  i s  contacted w i t h  steam. I n  t h i s  reac to r  the 
steam-carbon r e a c t i o n  i s  very  r a p i d  a t  temperatures as low as 550°C o r  some 3OOOC 
below t h e  temperature a t  which coals  or chars w i l l  r eac t  e f f e c t i v e l y  w i t h  steam. 
Depending on opera t i ng  cond i t i ons  (pressure, temperature and steam u t i l i z a t i o n )  and 
c a t a l y s t  type, e i t h e r  o f  t h e  f o l l o w i n g  o v e r a l l  r eac t i ons  may predominate: 

The f u e l  gas i s  brought i n t o  the  f l u i d  bed carbon 

Thus, most o f  t h e  exothermic heat associated w i t h  carbon 

The carbon r i c h ,  so l i d ,  carbonaceous ma te r ia l  and associated c a t a l y s t  produced 

2C* + 2H20 -CH4 + C02 (Methane Option) ( 4 )  

C* + 2H20 -2H2 + C02 (Hydrogen Option) ( 5 )  

o r  

Heat must be supp l i ed  f o r  t h e  steam-carbon reac t i ons  described above. However, 

Thus, a 
s ince  t h e  r e a c t i o n  temperature i s  modest (550-650OC) t h i s  heat can r e a d i l y  be 
suppl ied ( i n d i r e c t l y )  from t h e  ho t ,  depleted, and f u l l y  combusted f u e l  gas. 
P a r t  of t he  res idua l  energy content o f  t he  depleted f u e l  gas i s  used t o  d r i v e  t h e  
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steam-carbon react ions.  This  endothermic heat o f  react ion,  o f  course, adds t o  t h e  
f i n a l  t o t a l  hea t ing  value of product methane o r  hydrogen a t  near 100% e f f i c i e n c y .  
That i s  t o  say, t h e  h ighe r  heat ing value o f  t he  product methane o r  hydrogen r i c h  gas 
exceeds the  hea t ing  va lue o f  t h e  reactant  carbon by an amount equal t o  t h e  
endothermic heat o f  react ion.  

TO complete t h e  s o l i d s  c i r c u l a t i o n  loop, carbon lean  s o l i d s  from t h e  steaming 
reac to r  are re turned t o  t h e  carbon depos i t i on  reac to r  f o r  carbon enrichment. 
example, t he  carbon lean  s o l i d s  may con ta in  50-60% carbon and t h e  carbon r i c h  s o l i d s  
may conta in  80-90% carbon. 

I n  the  BEACON technology t h e r e  a re  t h r e e  key areas o f  t echn ica l  advantage: 

Fo r  

1. A novel chemist ry  which r e s u l t s  i n  very f a s t  react ions a t  moderate 
temperature. 

2. An a b i l i t y  through mod i f i ca t i ons  o f  operat ing condi t ions and c a t a l y s t s  
t o  produce e i t h e r  methane o r  hydrogen as a primary product .  

excel l e n t  f l u i d  mechanical p roper t i es .  
3. An i n te rmed ia te  carbonaceous ma te r ia l  and associated c a t a l y s t  which has 

I n  both the carbon depos i t i on  and steaming react ions,  u t i l i z i n g  t h e  c a t a l y s t s  
I developed, near e q u i l i b r i u m  composit ions are obta ined w i t h  gas-so l id  con tac t  t imes 

t h a t  are we l l  w i t h i n  commercial ly p r a c t i c a l  ranges. 
above 4OOOC and t h e  steam-carbon reac t i on  becomes e f f e c t i v e  above 550OC. 

Carbon depos i t i on  i s  r a p i d  

The f l u i d  mechanical p roper t i es  o f  unsupported carbonaceous ma te r ia l  a re  very 1 

d i f f e r e n t  from o the r  s o l i d  powders. 
ma te r ia l  f l u i d i z e s  ver-y w e l l  a t  commercially reasonable gas v e l o c i t i e s .  

Experimental Approach and Theore t i ca l  Comparisons 

v i a b i l i t y  o f  a c a t a l y s t  system which i s  s e l e c t i v e  fo r  hydrogen p roduc t i on  i n  the  
reac t i on  o f  deposited carbon w i t h  steam. 
format ion o f  methane as completely as poss ib le  i n  t h e  steaming reac t i on .  
assessing our r e s u l t s  we w i l l  compare the experimental measurements w i t h  two types 
o f  e q u i l i b r i u m  ca lcu la t i ons .  The f i r s t  t ype  of thermochemical c a l c u l a t i o n  a l lows 
methane and a l l  o ther  poss ib le  species t o  be present i n  t h e  e q u i l i b r i u m  product 
m ix tu re ,  The second c a l c u l a t i o n  excludes a l l  hydrocarbon species ( p r i n c i p a l l y  CH4) 
from the  c a l c u l a t i o n  and gives a pseudo-equi l ibr ium d i s t r i b u t i o n  o f  product  species 
under condi t ions where methane i s  not  al lowed t o  form. 

The experimental system shown i n  F igure 2 and descr ibed p rev ious l y  (Ref. 1) was 
used i n  the  i n v e s t i g a t i o n .  
va r iab le  d i f f e r e n t i a l  pressure t r a n s f e r  l i n e  concept f o r  t he  t r a n s f e r  o f  s o l i d s  
between BEACON carbon depos i t i on  and carbon g a s i f i c a t i o n  reactors .  
t rans fe r  system does no t  r e q u i r e  gas/so l ids separat ion p r i o r  t o  t r a n s f e r ,  and the re -  
f o r e  i t  i s  s impler  than a lock-hopper type system f o r  f l u i d i z e d  bed operations. 
Adaptation o f  t he  " h u f f - p u f f "  concept i n  BEACON process ing was considered p o s s i b l e  
because of t he  unique p r o p e r t i e s  o f  t he  so l ids-gas mixtures which g i ve  r i s e  t o  
s t a b l e  f l u i d  beds. 

f e r  l i n e  located below t h e  top  o f  t h e  beds. 
e s t a b l i s h i n g  a small  d i f f e r e n t i a l  pressure between t h e  two reactors  and opening t h e  
t rans fe r  l i n e  valve. So l i ds  are t r a n s f e r r e d  back and f o r t h  by changing t h e  s i g n  
o f  t he  d i f f e r e n t i a l  pressure. About 10% o f  t he  bed i s  t r a n s f e r r e d  each time. The 
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O f  great importance i s  t he  f a c t  t h a t  t h i s  

The o b j e c t i v e  o f  t h e  work described i n  t h i s  paper was t o  demonstrate t h e  

I n  t h i s  case we want t o  suppress the 
I n  

The system i s  a two reac to r  apparatus based on a 

The "hu f f -pu f f ' '  

I n  t h i s  tandem concept t h e  two reactors  are connected w i t h  a f l u i d  bed t r a n s -  
Transfer  i s  accomplished by 



two reactors  can be operated a t  d i f f e ren t  operat ing condi t ions,  except pressure, as 
needed t o  opt imize d e p o s i t i o n  o r  gas i f i ca t i on ;  pressure, however, must be near l y  
equal i n  the  reactors .  Two a d d i t i o n a l  requirements a re  t h a t  t he  r e l a t i v e  s i z e  of  
t h e  two reac to rs  be such t h a t  t h e  q u a n t i t i e s  o f  carbon deposited and g a s i f i e d  per  
u n i t  t ime are equal and t h a t  both reactors  operate under f l u i d i z e d  bed condi t ions.  
Ranges o f  a l lowable ope ra t i ng  cond i t i ons  were as fo l l ows :  

Deposi t ion 
Parameter Reactor 

Temperature 
Pressure 
Gas V e l o c i t y  
Feed Gas Composition: 
o Ni t rogen 
o Hydrogen 
o Carbon Monoxide 
o Carbon Diox ide 
o Steam 

400-600°C 
1-10 A t m  
5-45 cm/sec 

10-85% 
5-30% 

10-50% 
0-10% 

0 

Steaming 
Reactor 

500-750°C 
1-10 A t m  
5-56 cm/sec 

0-50% 
0 
0 
0 

50-100% 

The system shown i n  F i g u r e  2 cons i s t s  o f  the f o l l o w i n g  sect ions:  gas feed 
system, steam b o i l e r ,  carbon depos i t i on  reactor ,  steam g a s i f i c a t i o n  reactor ,  product 
gas cleanup t r a i n ,  r e a c t o r  pressure c o n t r o l  and product gas meter ing system, s o l i d s  
t r a n s f e r  system, and da ta  a c q u i s i t i o n  system. The depos i t i on  reac to r  has a 6- inch 
i n s i d e  diameter and t h e  g a s i f i e r  a 3-inch i n s i d e  diameter ( t h e  d i f f e r e n c e  i n  reac to r  
s i z e  was d i c t a t e d  by t h e  d i f f e r e n c e  i n  depos i t i on  and g a s i f i c a t i o n  ra tes  a t  t h e  
des i red opera t i ng  ranges). Both reactors  are const ructed from 316 s t a i n l e s s  s tee l  
p a r t s  and are su r face  a lumin ized by the  Alon Process t o  prevent c a t a l y s t  con- 
taminat ion f rom the  r e a c t o r  w a l l s  (espec ia l l y  through ca rbu r i za t i on  o f  t he  
depos i t i on  r e a c t o r  w a l l s ) .  

Carbon depos i t i on  and steaming took p lace simultaneously and a t  equal ra tes.  
Typica l  ra tes  were approx imate ly  400 grams carbon deposited o r  steamed per hour; 
thus, t h e  net  s o l i d s  t r a n s f e r  from t h e  depos i t i on  reac to r  t o  the  g a s i f i e r  was about 
400 grams per  hour. Nominal ly, t r a n s f e r s  were conducted about once an hour; 
approximately 700 grams were t r a n s f e r r e d  from the  ca rbu r i ze r  t o  the g a s i f i e r  and 
about 300 grams i n  t h e  opposi te  d i r e c t i o n .  These q u a n t i t i e s  represented about 10% 
o f  the t o t a l  s o l i d s  i n  t h e  system so t h a t  t he  d is turbance o f  steady s t a t e  was minor 
( t h e  t r a n s f e r  was n o t i c e a b l e  f o r  one gas chromatogram o f  t he  product gas o f  t h e  
g a s i f i e r  but  had no e f f e c t  on t h e  product gas o f  t he  ca rbu r i ze r ) .  
t rans fe r red  f rom the bot tom o f  the reac t i on  zone o f  one reac to r  t o  t h e  top  o f  t he  
reac t i on  zone o f  the o t h e r  reactor ;  occas ional ly ,  t h e  d i r e c t i o n  was reversed. The 
two-d i rec t i ona l  t r a n s f e r  ope ra t i on  took about th ree  minutes, i n c l u d i n g  the  t i m e  
(about one minute)  r e q u i r e d  f o r  system e q u i l i b r a t i o n  between t h e  s i n g l e  t rans fe rs .  

A s i n g l e  batch o f  c a t a l y s t  s o l i d s  (No. 11) which had shown outs tanding a c t i v i t y  
and s e l e c t i v i t y  (methane suppression) i n  previous, small  atmospheric pressure 
l abo ra to ry  t e s t s  was subjected t o  approximately 375 hours o f  process ing 
(simultaneous carbon d e p o s i t i o n  and steaming i n  separate reactors) .  Processing t ime 
consis ted of 265 hours o f  steady s t a t e  operat ion and about 110 hours o f  t r a n s i e n t  
operat ion (most ly  s t a r t - u p  and shutdown). Steady s t a t e  processing t i m e  consis ted of 
about 200 hours o f  ope ra t i on  a t  4.4 atmospheres (50 ps ig ) ,  50 hours a t  6.1 
atmospheres (75  ps ig ) ,  and 15 hours a t  7.8 atmospheres (100 p s i g )  r e a c t o r  pressure. 

Sol ids were 
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The nominal cond i t i ons  du r ing  t h e  mu l t i - cyc le  t e s t i n g  o f  C a t a l y s t  No. 11 s o l i d s  
were 620'C and s i x  cent imeters pe r  second l i n e a r  s u p e r f i c i a l  v e l o c i t y  f o r  steam 
g a s i f i c a t i o n  and 4OOOC and 15 cent imeters p e r  second v e l o c i t y  f o r  carbon depos i t i on  
a t  t h e  above th ree  pressures. 
r e a c t i o n  zone i t  was d i l u t e d  by approximately 20% v/v  n i t rogen  gas used t o  ma in ta in  
t h e  DP legs and s o l i d s  t r a n s f e r  l i n e s  f r e e  o f  s o l i d s  (purge gas). 
depos i t i on  reac to r  feed gas composit ion was 10% v/v  CO, 5% v/v H2, w i t h  the balance 
being n i t rogen  gas. 

The feed t o  the  g a s i f i e r  was 100% steam, but  i n  t h e  

The nominal 

Resul ts  

F igure 3 summarizes t h e  c a t a l y s t  performance data generated du r ing  t h e  375 
hours o f  simultaneous opera t i on  (265 hours o f  steady s t a t e  processing). 
p o r t i o n  o f  F igu re  3 summarizes the  performance o f  t h e  carbon depos i t i on  opera t i on  
expressed i n  terms o f  " f u e l "  (CO and H ) u t i l i z a t i o n .  Carbon monoxide u t i l i z a t i o n  
was near e q u i l i b r i u m  and constant. 
throughout t h e  265 hours o f  steady s t a t e  processing. The middle and bottom graph o f  
F i g u r e  3 summarize t h e  data p e r t a i n i n g  t o  t h e  perfornmance o f  t h e  steam g a s i f i -  
c a t i o n  operation. 
suppression was obta ined a t  e q u i l i b r i u m  steam u t i l i z a t i o n  f o r  t h e  du ra t i on  of t h e  

data revealed any t r e n d  o f  c a t a l y s t  de te r io ra t i on .  

presented i n  Tables 1 and 2, where a set  o f  product gas composit ion data ( d r y  and 
n i t rogen  f r e e )  i s  presented f o r  every 50 hours o f  steady s t a t e  operat ion.  
summarizes steaming data which are compared t o  compositions p red ic ted  by thermo- 
dynamics f o r  e q u i l i b r i u m  operat ion a t  65OoC, 4.4 and 6.1 atmospheres (50 and 75 
ps ig ) .  
a f t e r  50 hours o f  process ing t ime  some CO (and steam) have sh i f . ted t o  CO2 and H . 
It i s  expected t h a t  t h i s  s h i f t  occurs i n  t h e  t r a n s i t i o n  and expansion zone o f  t i e  
reactor .  Th is  conclus ion i s  cons i s ten t  w i t h  on - l i ne  OP mon i to r i ng  which i n d i c a t e d  
an increase i n  themass o f  s o l i d s  contained i n  the  expansion zone du r ing  t h e  l a t t e r  
p a r t  o f  t e s t i n g .  
Product gas composit ion s t a b i l i t y  i s  exce l l en t ,  CO conversion i s  h igh  and approaches 
e q u i l i b r i u m  values, bu t  hydrogen conversion i s  s i g n i f i c a n t l y  lower than e q u i l i b r i u m  
p red ic ted  values. 

I nc lud ing  l abo ra to ry  data, f o u r  pressures were i nves t i ga ted  du r ing  t h e  course 
o f  performance t e s t i n g  o f  C a t a l y s t  No. 11. 
r e a c t o r  pressure on steam u t i l i z a t i o n  and methane concen t ra t i on  i n  t h e  product gas 
d u r i n g  steam g a s i f i c a t i o n  o f  Ca ta l ys t  No. 11 s o l i d s  a t  62OOC. 
a re  compared t o  thermodynamical ly p red ic ted  values f o r  t he  same condi t ions ( s o l i d  
l i n e s  on F igure 4). 
pressures i nves t i ga ted .  The experimental values o f  t he  steam u t i l i z a t i o n  f a l l  i n  
between t h e  thermodynamical ly p red ic ted  values represented by t h e  s o l i d  l i n e s  f o r  
normal and zero methane e q u i l i b r i a .  
no t  complete. 

The top  

Hy$rogen u t i l i z a t i o n  was h igh and a l so  constant 

Over t h e  range o f  pressures i nves t i ga ted ,  nominal ly  80% methane 

, 265 hours o f  steady s t a t e  operat ion.  Nei ther  the  depos i t i on  nor t h e  g a s i f i c a t i o n  

The s t a b i l i t y  o f  C a t a l y s t  No. 11 performance i s  a l so  ev ident  from the data 

Table 1 

The comparison o f  experimental data t o  e q u i l i b r i u m  composit ion reveals  t h a t  

Table 2 presents  data f o r  t he  carbon depos i t i on  operat ion.  

F igure 4 i l l u s t r a t e s  t h e  e f f e c t  o f  

The experimental data 

Methane suppression was nominal ly  80% o r  g rea te r  a t  a l l  

This was expected s ince  methane suppression was 
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FIGURE 2 .  EXPERIMENTAL APPARATUS 
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